Research indicates that when the first and second fonnants of a vowel are separated by less than about 3.5 Bark, perception of its height and some other aspects of its quality is detennined by some weighted average of the low-frequency spectrum, rather than by particular hannonic or hypothetical fonnant frequencies (as is the case with more widely spaced fonnants). This spectral averaging has been called the center of gravity (COG) effect. Although the existence of the effect is generally accepted, the factors that govern it . are poorly understood. One possibility is that the influence of the spectral envelope on perceived vowel quality increases as low-frequency spectral prominences become less well defined. A series of three experiments examined this possibility in (1) nasal vowels, where the lowest spectral prominence is broader and flatter than that of oral vowels, (2) oneversus two-fonnant vowels with bandwidths appropriate for oral vowels, and (3) twoformant vowels with very narrow or very wide bandwidths. The results of these experiments show that when two or more spectral peaks lie within 3.5 Bark of one another, F1 and the centroid (an amplitude-weighted average frequency that estimates the COG in the low-frequency spectrum) roughly detennine the boundaries within which the perceptual COG lies; the frequencies of spectral peaks dominate responses when fonnant bandwidths are narrow, whereas overall spectral shape exerts more influence when spectral prominences are wide. Assuming that all vowels undergo the same processing, we suggest that vowel quality, particularly height, is determined both by the frequency of the most prominent harmonics in the low-frequency region and by the slopes of the skirts in the vicinity of these harmonics. These two effects are most clearly separable in vowels with poorly-defined spectral prominences whose shape cannot be adequately described by specifying the frequencies and degree of prominence of just one or two harmonics, or hypothetical fonnant peaks.
INTRODUCflON
It is generally recognized that perception of vowel quality depends on the relative frequencies of the first two or three formants. Experiments indicate, however, that whenever two adjacent spectral peaks are close in frequency, a similar vowel quality can be achieved by substituting a single peak whose center frequency falls between with two-formant synthetic vowels, Chistovich and her colleagues investigated parameters that affect spectral integration in the F1-F2 region (Bedrov, Chistovich, & Sheikin, 1978; Chistovich, 1985; Chistovich, Sheikin, & Lublinskaya, 1979) . They concluded that spectral integration would occur when the center frequencies of adjacent spectral peaks were within 3 to 3.5 Bark of one another, but not when the peaks in question spanned a greater frequency range. When the two spectral peaks of the reference vowel fell within this critical range but were of different amplitudes, then the center frequency of the best-match one-formant stimulus shifted towards the higher-amplitude formant. Chistovich et al. termed this inducible shift in phonetic quality of vowel approximations the "center of gravity" (COG) effect.
The Leningrad group's studies suggested that the COG can be influenced by both the overall spectral shape and the location and envelope of the major spectral peaks. They hypothesized that the centroid, an amplitude-weighted measure of mean frequency in the critical frequency range, would describe the effective perceptual center of gravity. Investigations of the details of the COG effect, however, indicate that Chistovich's formulation of the concept in terms of frequency and amplitude must be modified in a number of ways. For example, by trading amplitude against frequency such that there would be no change in the perceptual COG if formant frequency and amplitude were equally important, Klatt (1985) demonstrated that formant frequency is a stronger determinant of the COG than is formant amplitude. These data supported Ainsworth and Millar's (1972) earlier observation of the lack of influence of formant amplitude in determining vowel quality. Klatt and Ainsworth and Millar argued that vowel quality is mediated by a peakpicking mechanism rather than by a mechanism that integrates spectral energy within certain frequency bands; other investigators have made similar points (e.g., Carlson et al., 1975; Paliwal, Ainsworth, & Lindsay, 1983) . Assmann (1985) suggested that formant amplitude may affect the perceptual COG when the experimental matching stimuli have only a single formant, as in most of Chistovich et al.'s experiments. Formant frequency apparently predominates when multiformant stimuli are used in other paradigms, fQr instance Ainsworth and Millar's identification tasks or Klatt's similarity judgments. Assmann's (1985) own experiments indicate that formant amplitude can have small effects on the COG under some circumstances, but his data are incompatible with the hypothesis of a general mechanism for averaging formant frequency and amplitude. When six-formant synthetic stimuli with a constant 250 Hz separation between F1 and F2 (less than 3 Bark) were matched with similar reference stimuli in which the amplitude of F2 was systematically varied, the COG shifted when the amplitude of F2 was raised, but not when it was lowered.
In a second experiment, Assmann (1985) found that degree of spectral integration was influenced by the absolute value of certain parameters. Vowel identification was affected by shifts in formant amplitude only when the stimuli bore similarities to a woman's voice (FO of 250 Hz instead of 125 Hz, and an increase in the frequency of the higher formants). Moreover, COG shifts in this experiment were greatest when the separation between the first two formants exceeded 3.5 Bark.
These and other data suggest that the perception of vowel quality does not depend exclusively upon formant frequency, but that we do not understand the conditions under which other parameters have an effect. Although a number of models of the perception of vowel quality have been offered (e.g., Carlson et al., 1975; Paliwal et al., 1983) , it is probable that none as yet takes into account all the relevant parameters. It is particularly important to evaluate the effect of these parameters in sounds resembling natural speech.
As we have noted, responses to one-and twoformant stimuli can be very different from responses to more fully specified vowels, and this difference may be crucial since there is some evidence that formant averaging may be specific to speech-like sounds (Delattre et al., 1952; Traunmiiller, 1982) . On the other hand, manipulation of the low-frequency spectrum of multiformant vowels usually affects higher frequencies as well, so it is difficult to synthesize multiformant vowels that differ systematically in only one part of the spectrum. Experiments using the more natural multi-formant and the bettercontrolled one-or two-formant stimuli both have their place in investigating vowel quality.
The class of nasal vowels offers the opportunity to assess for multiformant stimuli whether it is the first formant peak in particular that is influential in determining perceived vowel quality, or whether it is the low-frequency spectrum in general. The principal spectral property that distinguishes nasal from nonnasal vowels is the amplitude and bandwidth of the lowest spectral prominence (Delattre, 1954; Hawkins & Stevens, 1985; House & Stevens, 1956) . Specifically, when the velum opens during production of a nasalized vowel, the nasal cavity contributes pole-zero pairs which modify the spectrum of the nonnasal vowel. For most vowels, the greatest effect is in the low frequencies. The lowest nasal pole-zero pair interacts with the lowest resonance of the oral cavity such that the spectrum output at the lips is distinctly different at low frequencies from that for the corresponding nonnasal vowel (Fant, 1960; Fujimura & Lindqvist, 1971; Stevens, Fant, & Hawkins, 1987) . The detailed spectral shape of nasal vowels at low frequencies varies with the frequency of the lowest resonance due to the oral cavity, but as a rule the lowest spectral prominence of a nasal vowel has a lower amplitude and wider bandwidth than that of the corresponding nonnasal vowel. Measurements of naturally-spoken nasal vowels from a number of languages indicate that the (shifted) F1 and lowest-frequency nasal formant are usually within 3.5 Bark of one another (Beddor, 1982) .
When the spectrum has a broad region of relatively undifferentiated peaks and valleys in the first formant region, as with nasal vowels, the overall spectral envelope may be more influential in determining vowel quality than when spectral peaks are well defined, as they are in oral vowels. There is substantial phonological evidence that, historically, nasalization of a vowel results in a shift in that vowel's quality, especially in the height domain (Beddor, 1982; Bhat, 1975; Ohala, 1974; Ruhlen, 1978; Schourup, 1973) . In general, these shifts are such that the height of high and mid nasal vowels tends to fall and that of low nasal vowels tends to rise; the direction of these shifts is exactly what would be predicted if the low-frequency nasal formant added by nasal coupling had a strong effect on the perceptual COG of nasal vowels.
Other data are also consistent with the suggestion that the influence of the spectral envelope on perceived vowel quality increases as lowfrequency spectral prominences become less well defined. Assmann (1985) , for example, found a stronger COG effect for vowels with a high fundamental frequency; presumably the effective formant bandwidths were wider when the fundamental was high. This effect is predicted by auditory masking studies and by physiological studies of the auditory nerve which show that neurons over a wide range of characteristic frequencies respond in synchrony with the frequency of a narrow-bandwidth, high-amplitude spectral peak, but respond at their characteristic frequencies when the stimulating spectral prominence has a wide bandwidth of sufficient amplitude (Sachs and Young, 1980) . In the latter case, the influence of the first formant frequency may be expected to be reduced. Consequently, models of perception of vowel quality which emphasize peak frequency (e.g., or the amplitude of a small number of the most prominent harmonics (Assmann & Nearey, 1987; Carlson et a1., 1975; Mushnikov & Chistovich, 1972 ) may be less appropriate for nasal than for nonnasal vowels, and indeed for all vowels that lack sharply defined formants. This paper reports three experiments which together examine SOme aspects of the influence of spectral prominence as a determinant of vowel quality, especially vowel height. The first two experiments examined the COG effect in multiformant nasal (compared with nonnasal) vowels, and in two-formant (compared with one-formant) nonnasal back vowels, a design similar to that originally used by Chistovich et a1. (1979) . In a third experiment, the influence of spectral prominence, and specifically formant bandwidth, was assessed by comparing two-formant vowels that had moderate bandwidths with stimuli that had two formants of either very narrow or very wide bandwidth.
I. EXPERIMENT 1: MULTIFORMANT NASAL AND NONNASAL VOWELS
In this experiment, which was designed to test the center-of-gravity effect in natural-sounding nasal vowels, multiformant nasal vowels were compared with multiformant oral vowels. The oral-nasal difference was achieved by manipulating low-frequency spectral characteristics in such a way that the manipulations had little effect on the higher frequencies.
A. Method
Stimuli
Five sets of synthetic nasal and oral vowels were generated on the Haskins serial formant synthesizer written by Mattingly. Each 360-ms stimulus consisted of steady-state vowel formants, with fundamental frequency and amplitude decreasing over the final 120 ms.
The five nasal vowel stimuli, n~~a(1 ] were each synthesized from five poles and an additional pole-zero pair in the vicinity of the first (oral) pole, Fl. The spectral characteri'stics of the synthetic nasal vowels were based on acoustic analyses of natural tokens from several languages (Beddor, 1982) . Parameter values for the frequencies and bandwidths of the poles and the zero are given in Table 1 . Figure 1 shows 512-point DFT spectra of the synthesized nasal vowels. Consistent with acoustic theory (Fant, 1960; Fujimura & Lindqvist, 1971) , the frequency of the peak labeled FN, the nasal formant, was higher than the peak labeled F1 in the high and mid vowels, but less than F1 in the low vowels. Thus the effect of the nasal formant is to raise the COG in high and mid nasal vowels relative to their oral counterparts, but to lower the COG in low vowels. Frequency (Hz) Frequency (Hz) Figure 1 . DFf spectra of the five synthetic nasal vow~1 stimuli of Experiment 1.
For each nasal vowel, a series of corresponding oral vowels was synthesized by omitting the nasal pole-zero pair and systematically varying the frequency of Flo The perceptual effect of manipulating F1 was to change the height of the vowel. Figure 2 shows F1 values for the members of the five oral vowel series, i, e, a, re, 0; each dot represents the F1 frequency of a single oral vowel stimulus. (See Table 2 for parameter values of these oral stimuli.) The change in frequency of F1 between successive stimuli in a series was approxi mately 10% of the average F1 frequency for that series, meaning that differences were larger for lower vowels (70 Hz for 0" 60 Hz for re, 45 Hz for e, 40 Hz for 0, and 32 Hz for i). Each series in- Stimulus Number These frequency matches were based on autoregressive LPC spectra, but were corroborated to within 5 Hz with measures from 512-point DFT spectra. 
Centroid measurements
The centroid, a weighted average frequency, is a measure of center of gravity. It is computed from the mean frequency of the area under the spectral curve within specified frequency and amplitude ranges according to the formula cannot be satisfactorily applied to a broad range of stimuli. This lack of generality of the centroid measure raises a number of issues. Our interpretation is that the centroid is at best a purely descriptive measure of perceived vowel quality. Our purpose was to assess the extent to which the centroid as used by Chistovich and her colleagues could be usefully applied to stimuli whose formants varied in spectral prominence. We decided, then, to use centroid measures that captured as closely as poss ible the spirit of Chistovich's formulation, and at the same time had some psychoacoustic validity. Our approach was to use an area of the spectrum that included all the formant peaks in which we were interested, and extended far enough down from the peaks to include as much of their skirts as the auditory system appeared likely to process (cf. Carlson, Granstrom, & Klatt, 1979) . In deciding upon the criteria used for each particular set of stimuli, a number of values were tried; the chosen ones satisfied the above criteria and were relatively insensitive to small changes in the spectral envelope in the regions of least amplitude.
The frequency range applied to the oral and nasal vowels of this experiment was 100-1100 Hz, except that, for the a series, the upper limit was extended to 1400 Hz. These ranges were selected so as to include all low-frequency formant peaks and skirts: F1 in all vowels, and also FN in the nasal vowels, and F2 in the back vowels. The lower amplitude limit was taken as the lowestamplitude point of the spectral envelope in the 100-1100 (or 1400) Hz region; hence this limit was different for each stimulus. Figure 3 illustrates the centroid measure as applied to the vowels [t!] and [~] . The thick vertical lines delimit the frequency range of 100-1100 Hz and the connecting horizontal line sets the lower amplitude limit. The center frequency or centroid of this area is shown by the dashed vertical line. Figure 4 illustrates, for the e series, F1 and centroid matches between oral and nasal stimuli. For clarity, LPC rather than DFT spectra are shown. The upper panel shows spectra of the nasal vowel (solid line) and the F1 match from the oral series (dashed line). The frequency of Fl is the same in both stimuli. The lower panel shows spectra of the nasal vowel (solid line) and the centroid match of the oral vowel series (dashed line). Here, F1 of the oral vowel falls between the two low-frequency peaks, F1 and FN, of the nasal vowel; although these two spectra share no peak frequency below 1100 Hz, they have the same centroid frequency in this region.
where X = frequency (Hz) and Y = log magnitude (dB). This formula is the same as that published by Chistovich (1985) except that she used a Bark frequency scale whereas we used a linear one. The influence of type of frequency measure on our data is addressed in the General Discussion below.
The centroid of a particular stimulus may of course vary substantially depending on the frequency and amplitude ranges specified in the centroid calculation. However, changes in these ranges do not always ,have the same effect on all types of stimuli. For example, the location of the upper frequency cutoff has a substantial effect on the centroids of the multiformant vowels of this first experiment but only a negligible effect for the one-and two-formant vowels of our later experiments, due to the presence of higher frequency information in the former and its absence in the latter. Consequently, a single criterion for frequency and amplitude ranges 00 3. Subjects Twenty paid student volunteers, aged 18 to 25 years, participated in the experiment. All were native speakers of American English with no known hearing loss and no training in phonetics.
Procedure
In the test sequences for the five vowel sets, every nasal vowel was paired with each oral vowel from the appropriate series (Le., for each vowel set, one nasal vowel was paired with 6-10 oral vowels), with the nasal reference vowel always being the second member of the pair. For each vowel set, these oral-nasal pairs were arranged in two ordered sequences: ascending sequences (from the lowest frequency of F1 in the oral vowels to the highest) and descending sequences (from the highest frequency to the lowest). A pilot study in which listeners selected the "best-match" oralnasal pair from these sequences showed that matches tended to fall in the middle of each vowel set. To control for possible range effects, three truncated ordered sequences were derived from the complete series for each vowel by omitting 1 or 2 members from the beginning or end of each complete series. The three truncated versions of each of the five vowel sets were then arranged in random order, for a total of 15 trials. The interstimulus interval-between members of an oralnasal pair was 0.5 s and the interval between pairs in the ordered sequences was 1 s; listeners controlled all other time intervals.
Before testing, subjects were given a brief description of the stimuli. They were told that each trial would consist of several vowel pairs, that the first member of each pair varied across the series while the second member stayed the same, and that these pair members were "oral vowels" and "nasal vowels" respectively. It was explained that nasal vowels usually occur in English in the context of m or n, e.g., mom (versus the oral vowel in Bob), man (versus bad), and moan (versus boat).
Individual listeners were tested on-line in a sound-attenuated booth. Stimuli were presented binaurally over TDH-39 earphones. At the onset of each trial, ascending and descending truncated sequences were presented for that particular vowel series. (The relative order of ascending and descending sequences was counter-balanced across trials.) Listeners could then request, by keyboard commands, repetitions of either of the sequences or of individual oral-nasal pairs from the sequence. For each trial, listeners were instructed to select that pair in which the oral vowel was the most similar to the nasal standard; this "best-match" pair was circled on a printed score sheet. Listeners were encouraged to listen to the sequences and to individual pairs as many times as needed to feel confident about the bestmatch decision. Average testing time was approximately 45 minutes.
B. Results
We hypothesized that if perceived nasal vowel height were determined by the spectral COG, then the closest perceptual oral-nasal match would be the centroid-matched pair. If perceptual integration of F1 and FN did not occur, then we might expect the F1-matched vowels to be perceptually more similar. Listeners' responses suggest that, except for m, reality lies somewhere between these two extreme possibilities. Figure 5 gives the responses, pooled across the 20 subjects, to the five vowel sets. These functions show that oral vowels judged most similar to non-high nasal reference vowels had F1 (and centroid) frequencies that fell between the centroid and F1 frequencies of the nasal reference. The F1-matched pair only accounted for between 2% and 12% of the responses to [e If dO] , whereas it accounted for over 70% of the responses to the high vowel [J] . In each case, responses were skewed towards the centroid frequency of the nasal reference vowel, and this skew meant that responses were significantly closer to the centroid than to F1 in the four non-high vowel sets. (For this calculation, each subject's mean response was subtracted from the stimulus number of the centroid match and of the F1 match of a given vowel set, and t-tests were performed on the two resultant distributions. Figure 5 suggests, the differences between listeners' mean responses and the F1-match stimulus number were more strongly significant, all at p < .01 or better (t(19) = 11.87 for e, 15.88 for re, 14.45 for a, and 10.97 for 0).
The skew towards the centroid value of the nasal reference means that there were more choices of mid oral vowels (e, 0) with higher F1 frequencies than in the nasal reference, and more choices of low oral vowels (re, a) with lower F1 frequencies than in the nasal reference. That is, the skews were in opposite directions for mid and low vowel sets.
C. Discussion
The results of this experiment substantiate previous speculations on the perception of height in nasal vowels. Joos (1948) , for example, suggested that French I el sounded like [re] because the average frequency of F1 and FN in nasal I £I corresponded to F1 in oral I rei . Similarly, Fant (1960) , Beddor (1982) , and Wright (1986) hypothesized that shifts in perceived vowel height accompanying nasal coupling might be due to the additional low-frequency nasal resonance. Empirical support for these speculations is provided by the present findings: listeners' mean responses always fell between the frequency of FN and F1, which meant that the effect of nasalization was to raise the perceived height of low nasal vowels (where nominal FN frequency is less than nominal F1 frequency) and lower the perceived height of high and mid nasal vowels (where nominal FN frequency is greater than nominal F1 frequency). These data also provide a perceptual explanation for the linguistically widespread pattern of sound changes, noted in the Introduction, whereby vowel nasalization tends to have a centralizing effect on vowel height (see Beddor, Krakow, & Goldstein, 1986 , for further discussion).
While the data of this experiment also confirm the basic principles of the COG model, they raise questions about its detailed predictions. The model is confirmed in that F1 appears to dominate the perception of vowel height only when adjacent spectral peaks are sufficiently far apart. The present experiment was not designed to test the validity of the critical cutoff of 3 -3.5 Bark, which has in any case been attested by others (e.g., Bladon, 1983; Syrdal, 1985; Syrdal & Gopal, 1986) . But responses to the vowel m, whose F1-FN spacing was 4.5 Bark, are consistent with this critical value: these responses were quite different from the responses to the other four vowels, all of which had F1-FN spacings of less than 3.5 Bark.
The data give little support for the validity of the centroid measure we used as a measure of the perceptual center of gravity in these nasal vowels. For nasal vowels whose F1 and FN are within 3.5
Bark of one another (Le., for all except rID, the response curves of Figure 5 are broadly within the frequency range encompassed by F1 and the centroid, indicating a wide range of first-formant frequencies which listeners judge as reasonably acceptable matches. Rather than marking the perceptual COG, then, the centroid frequency as we calculated it appears to provide one boundary to a range of frequencies within which the perceptual COG lies; the other boundary to this range offrequencies is the first formant.
The skews of the response curves towards the centroid, however, mean that F1 provides a sharper boundary than the centroid; indeed, for most of these vowels, the precise limits of the range of acceptable frequencies may not be at the centroid and F1 frequencies, but rather just inside the F1 boundary, and just outside the centroid boundary (or, slightly shifted towards higher frequencies for mid vowels, and towards lower frequencies for low vowels).
The sharp limit provided by F1 is not unexpected: F1 is a spectral peak, whereas there is no acoustic landmark corresponding to the centroid frequency. But this sharp limit seems to occur only with the peak associated with the nominal F1, and not with FN, no matter whether nominal F1 is above or below FN in frequency. In consequence, perceived nasal vowel height corresponds to a frequency that was higher than Table 3 gives the parameter values for F1 and F2 frequencies of the two-formant vowels. [aJ, [oj. and [uJ. The difference between the frequencies of F1 and F2 was less than 3.5 Bark for all three vowels: 1.7 Bark for [a], 2.5 Bark for [0], and 3.2 Bark for [u] . (The F2-F1 difference in naturally spoken American English /0/ and /ul usually exceeds 3.5 Bark (Peterson and Barney, 1952; Syrdal and Gopal, 1986) . While F1 and F2 frequencies for [0] of still fall within the normal range for American English, the F2 frequency of [u] had to be unusually low in order to have less than 3.5 Bark between F1 and F2. Consequently, this vowel sounded more back than is usual for American English, although subjects readily identified it as an exemplar of / u /.) DIT spectra of the twoformant vowels are given in Figure 6 . This figure also shows the centroid of each vowel, which had a cutoff 5 dB below the trough between the two spectral peaks. This method of determining the frequency range of the centroid measure differed from the method used in Experiment 1, where the lower-amplitude cutoff was the lowest-amplitude point within a preselected frequency range. This frequency range was not appropriate for the two-formant vowels of this experiment. The cutoff of 5 dB below the trough between the two formants was chosen because it was likely to include that part of the spectrum that was most important auditorily, as discussed above for Experiment 1.
For each two-formant vowel, a series of oneformant vowels was synthesized. The center frequencies of the one-formant stimuli in each series varied in equal acoustic steps such that the range included F1 and centroid matches relative to the corresponding two-formant vowel, as seen in Figure 7 . (See Table 4 for parameter values of these one-formant stimuli.) The formantfrequency increment between stimuli was 27 Hz for the a series, 16 Hz for 0, and 12 Hz for u. The bandwidth of all one-formant stimuli was set at 80 Hz. the centroid for low nasal vowels, but lower than the centroid for all other vowels. In other words, the nominal F1 in nasal vowels (rather than the lowest-frequency spectral prominence) appears to contribute more to the perception of nasal vowel quality than would be predicted from its amplitude and bandwidth in a centroid measure.
II. EXPERIMENT 2: TWO-FORMANT AND ONE-FORMANT VOWELS
Experiment 1 shows that the perception of nasal vowel height is influenced both by FN and Flo These low-frequency peaks tend to differ in spectral prominence, and the more prominent peak appears to have the greater influence on the perceptual COG. One difference between oral and nasal vowels is that the low-frequency spectral peaks of certain oral vowels-such as F1 and F2 in back [a] and [oJ-may be equally prominent. We might speculate that two equally prominent peaks would contribute equally to the perceptual COG, as long as they are within 3.5 Bark of one another, and hence that listeners' responses to such oral vowels would be close to the centroid of the lowfrequency region of those voweis. Indeed, the results of Chistovich et a1. (1979) strongly support this speculation. Experiment 2 uses a design similar to that of Chistovich to further investigate the influence of spectral prominence on the perceptual COG.
Stimuli
One-and two-formant stimuli that sounded like the vowels [a] , [0] , and [u] were made on the parallel synthesizer at Haskins Laboratories. Each 360-ms stimulus had steady-state formant frequencies, with formant amplitude decreasing over the final 60 ms. The fundamental frequency of each stimulus increased from 110 Hz to 120 Hz over the initial 60 ms and then gradually decreased over the remainder of the vowel to 90 Hz.
In order to minimize the possibility of confounding a response bias towards a particular formant with the influences offormant amplitude, we attempted to synthesize each two-formant vowel approximation so that the two formants had equal amplitudes. This was possible for [a] and [0] , but not for [u] , since attempts to equate peak amplitudes produced an unacceptable decrement in vowel quality. F1 and F2 bandwidths were set at 80 Hz for all three vowels. 2. Subjects 20 students, aged 18 to 25 years, were paid for their participation in the experiment. 14 of these had served in the first experiment; as there was no difference between this group and the other 6 subjects, their responses were pooled.
Procedure
Each two-formant vowel was paired with each one-formant vowel from the appropriate series, with the two-formant reference vowel always being the second member of the pair. This resulted in three sets, Q, 0, and U, of one-formant-twoformant pairings. To avoid clustering of responses in the center of each set, two truncated versions were constructed from each of the three complete sequences: one omitted the first two members of the one-formant series and the other omitted the last two members. Because pilot tests showed that listeners found even the truncated sequences were too long, each truncated sequence was further shortened by removing the even-numbered members. The ordered sequences therefore consisted only of the odd-numbered stimulus pairs from each truncated set. (For an three vowel sets, these ordered sequences included the F1-and centroidmatched pairs.) Even-numbered stimulus pairs, although not present in the ordered sequences, occurred in "subsequences" which consisted of three adjacent odd-even-odd stimulus pairs (e.g., 5-6-7). All stimulus pairs (even-and odd-numbered) could also be heard as individual pairs.
In each test trial, listeners first heard an ordered sequence. They were told to determine that region of the sequence in which the vowel pairs sounded the most similar, and to listen to subsequences in that region. They were told that each subsequence contained an "intermediate" vowel pair (the even numbered pair). In addition to listening to sequences and the three-pair subsequences, subjects were advised to listen to individual pairs in the preferred region before making their decision. Other aspects of the procedure were as described for Experiment 1. As before, the listeners' task was to select that vowel pair from each set whose members were most similar in vowel quality. Two randomly ordered presentations of each of the two truncated versions of the three vowel sets gave a total of 12 trials per listener.
B. Results
Listeners varied considerably in the number of times the "intermediate" (Le., even-numbered) vowel pairs were requested (either as part of a subsequence or as an individual pair) and, consequently, in the frequency with which these pairs were selected as best matches. For this reason, responses of the 20 listeners to each of the vowels a, 0, and U were pooled across the four presentations of that set and then smoothed based on running means using a window ofthree stimuli. •
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Stimulus Number Figure 8 shows the smoothed responses to each vowel set. As in Experiment 1, the one-formant "best matches" chosen by listeners tended to fall between F1 and the centroid of the corresponding two-formant vowel. The mean stimulus number of these best-match responses (for each subject) differed significantly from the stimulus number of the F1-matched pair (for a, 0, and U, t(19) = 4.84, 7.73, and 2.98 respectively, p < .01). Listeners' mean responses also differed significantly from vowel pairs matched for centroid frequency (t(l9) = 8.99 (a), 12.95 (0) , and 12.16 (u), p < .01). That is, the perceived quality of the two-formant vowels corresponded neither to their first formant frequencies nor to their centroid frequencies. However, subjects' matches were significantly closer to F1 frequency than to the centroid frequency for the non-low vowels°(t(19) =2.61, p <.05) and U (t(19) =4.59, p < .01). Frequency of l-fonnant Frequency of l-fonnant vowels (Hz) vowels ( 
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FigureS. Smoothed best-match responses to the pairings of one-and two-formant vowels for each vowel set of Experiment 2. Fl and centroid frequencies of the two-formant vowels are shown as vertical lines.
C. Discussion
The center frequency of the one-formant stimuli which listeners judged as most similar in quality to a two-formant standard fell between the frequencies of the two formants of the standard. To this extent, these results for back oral vowels, with their two formants within 3.5 Bark of one another, are like those of Chistovich and like our data for nasal vowels from Experiment 1 in that they support the COG hypothesis: perceived vowel quality was not determined by the frequency of a spectral peak, but apparently depended on the combined influence of adjacent peaks in the vowel spectrum. But the results of Experiment 2 also differ from those of Experiment 1, as well as those of Chistovich.
First, although the center frequency of the oneformant vowels selected by listeners was significantly different from the F1 frequency of the twoformant vowels, these responses were also significantly closer to F1 frequency than they were to the centroid frequency for two of the three' vowels, 0 and u. In the case of 0, this result cannot readily be attributed to a difference in relative prominence of the two spectral peaks. These data appear to differ from those of Chistovich et a1. (1979) , which showed that, when F1 and F2 amplitudes of two-formant vowels were identical,the frequency of the oneformant best-matches was about halfway between F1 and F2 frequencies. Our data do not support Chistovich et a1.'s conclusions on the effect of formant amplitude on perceptual COG, but are more supportive of Klatt's (1985) conclusion that the influence of formant frequency overrides that of formant amplitude. In our two-formant data, it is the frequency of F1 that appears to
III. EXPERIMENT 3: WIDE AND NARROW BANDWIDTH VOWELS
Medium-bandwidth versions of [0] and [0] , with F1 and F2 bandwidths of 75 Hz, were also generated. Each of these two medium-bandwidth vowels formed the midpoint of a series of medium-bandwidth vowels which was created by increasing or decreasing F1 and F2 frequencies in equal acoustic steps (25 Hz for 0 and 30 Hz for a), keeping constant the absolute frequency difference between the two formants. Figure 9 shows the formant frequencies for the members of these medium-bandwidth series. Stimulus 5 in the 0 series and stimulus 4 in the a series are the medium-bandwidth versions of the reference vowels and are therefore identical in centroid value to the references. Parameter values for all mediumbandwidth stimuli are given in Tables 6 and 7.
Stimuli
All stimuli in this experiment were two-formant vowel approximations in which degree of spectral prominence was varied by manipulating formant bandwidths. The design of the experiment was to pair a series of vowels having medium-bandwidth formants with two types of reference vowel, one having narrow-bandwidth formants and the other having wide-bandwidth formants.
The reference vowels were [0] and [0] , and each was synthesized with narrow-and widebandwidth versions: the bandwidth of F1 and F2 was 45 Hz in the narrow bandwidth versions and 150 Hz in the wide bandwidth versions. Table 5 gives the fundamental and formant frequencies of these reference vowels. To minimize the influence of interactions between harmonic and formant frequencies on the effective bandwidths within a stimulus, fundamental frequency remained constant throughout each vowel, with a value chosen to keep the difference between harmonic and formant frequencies as uniform as possible within all members of the medium-bandwidth series described below. be the primary determinant of the perceptual COG.
The perceptual saliency of F1 in this experiment also contrasts with our findings for Experiment lo Listener responses to [e] from Experiment 1 and [0] from Experiment 2 illustrate this difference. For both of these mid vowels, the separation between the first two spectral peaks was 2.5 Bark, and these spectral peaks fell at roughly the same frequencies for both vowels (400-450 Hz for the first peak and 700-750 Hz for the second peak). But best-match responses to [e] were closer to the centroid, while responses to [0] were closer to Flo That is, the nasal vowel showed a stronger COG effect, or more spectral averaging, than the oral vowel with the same spacing of low-frequency formants. This result holds for all vowels of Experiments 1 and 2: for all of the multiformant nasal vowels (except Ill, in which F1-FN separation exceeded 3.5 Bark), but for none of the .two-formant oral vowels, perceived quality was nearer to the weighted average of the first two spectral peaks than to the frequency of Flo This difference between the two experiments clearly contradicts our earlier speculation that the perceptual COG would be closer to the centroid in vowels with two equally prominent spectral peaks (as in two-formant [0] and [oJ) than in vowels whose low-frequency peaks differ in spectral prominence (as in the vowels of Experiment 1). One possible cause of the difference may be the presence of high-frequency influences in the multiformant nasal vowels, compared with their absence in the two-formant oral vowels. Of more immediate interest here, though, is the difference between the stimuli of Experiments 1 and 2 in the shape of the spectrum at low frequencies. As discussed earlier, the lowfrequency spectra of nasal vowels are characterized by broad peaks separated by only shallow troughs, whereas the spectra of non-nasal oral vowels in the same frequency range have narrow peaks with well-defined troughs (e.g., Figure 4) ; the two-formant stimuli of Experiment 2 were of this second type (Figure 6) . These data, then, point to the possibility that a broad low-frequency spectral prominence may be responded to by the auditory system in a different way from the more sharply defined spectral prominences of oral vowels. Specifically, we speculate that broader, flatter spectral prominences result in a stronger COG effect than do sharply defined spectral peaks. Experiment 3 was designed to test this hypothesis. The stimuli as described so far were generated by parallel formant synthesis. In a second stage of synthesis, stimuli whose measured centroids fell more than 5 Hz from the mean frequency of Fl and F2 were modified by changing the amplitude of individual harmonics, using a harmonic synthesizer. Modifications were minor, and made so as to increase the symmetry of spectra as well as conformity to the desired centroid values. To control for synthesizer-specific effects, all stimuli were resynthesiZed using the harmonic synthesizer, although only some stimuli underwent harmonic amplitude modifications. Figure 10 shows the two ways in which the centroid was measured. First, using the standard power spectrum with a decibel scale, the cutoff was set at 15 dB below peak formant amplitude, this being a point which captured all peak and trough information for all three bandwidth conditions, while avoiding the lower-amplitude skirts which were unlikely to affect perception. The second method used a linear power spectrum in order to find psychoacoustically valid and procedurally reliable frequency boundaries within which to calculate the centroid. It allowed us to check that the frequency boundaries delineated by the first method were appropriate. In the linear spectra, the power cutoff was at 0 and the frequency cutoffs were at the harmonic peaks with no more than four linear units' amplitude that were closest to each formant. The two types of centroid calculations gave values within 6 Hz of each other for each type of stimulus.
The measured step size between centroid frequencies (and also formant frequencies) of medium-bandwidth stimuli was 25 Hz for the 0 series and 30 Hz for the a series, plus or minus 5 Hz. Measured formant peaks in each stimulus differed by less than 2 dB. Each vowel was 360 ms long, with amplitudes adjusted so that all the stimuli sounded about equally loud in informal tests. Frequency (Hz) Figure 10 . Centroid measures used in Experiment 3. Left panel: centroid measured using a logarithmic power spectrum, with power cut-off at 15 dB below peak formant amplitude. Right panel: centroid measured using a linear power spectrum with power cut-off at zero. Figure 11 shows DFT spectra of the [0] and [0] reference vowels and the corresponding mediumbandwidth stimulus. The medium-bandwidth stimuli sounded nonnasal, but nevertheless slightly more nasal than the narrow-bandwidth stimuli. The wide-bandwidth stimuli sounded quite nasal. The manipulations of F1 and F2 affected the perceived height of vowels in the 0 series; in the 0 series, the main effect was in height for stimuli 1-3, and backness for stimuli 4-8. Frequency (Hz) Frequency (Hz) Figure 11 . DFT spectra of the narrow-bandwidth (top panels) and wide-bandwidth (bottom panels) reference vowels of Experiment 3. The medium-bandwidth vowels (middle panels) have the same formant and centroid frequencies as the corresponding reference vowels.
Subjects and Procedure
The procedure was similar to that of Experiment 1 in that all stimuli occurred in the ordered sequences and there were no subsequences. The test sequences consisted of each narrow-or wide-bandwidth vowel, paired with each medium-bandwidth vowel from the appropriate series, giving four ordered sequences of vowel pairs, medium-narrow for 0 and a J and mediumwide for 0 and a. The medium-bandwidth vowel was always the first member of each pair. Listeners were tested on complete and truncated versions of these sequences, in which no, one, or two members of the medium-bandwidth series (taken from the beginning or end of each series) were omitted. Each of the resultant four vowel sets occurred four times in the test for a total of 16 sets presented in random order to each of 10 paid student volunteers. Six of the 10 subjects had participated in Experiments 1 and 2.
B. Results
The responses of the 10 listeners are shown in Figure 12 . Responses were not affected by whether listeners had served in the previous two experiments, so the data are pooled over subjects. The patterns of responses to the narrow-bandwidth versions of [0] and [0] (upper panels) were similar in that the perceived quality of the narrow-bandwidth stimulus corresponded to the medium-bandwidth stimulus with the same centroid frequency (indicated by the dashed line). In the case of the a series, the majority of choices were of the centroid-matched pair and the remaining ones were nearly evenly distributed between the adjacent two stimulus pairs. For 0, the centroid-matched pair also accounted for most of the responses. But the remaining responses to this vowel had a higher centroid frequency than that of the reference, indicating a tendency for the narrow-bandwidth [0] to sound lower relative to the medium-bandwidth vowels than its formant frequencies lead us to expect. Due to this skew towards higher frequencies, the difference between listeners' responses and the centroid-match stimulus number for narrowbandwidth [0] was significant (t(9) =2.88, p < .05).
This difference was not significant, as Figure 12 suggests, for narrow-bandwidth [0] (t(9) = 0.83). The responses to wide-bandwidth versions of [0] and [0] (lower panels in Figure 12 ) had a very different pattern. For these vowel sets, wide-and medium-bandwidth vowels with the same formant and centroid frequencies were not chosen as the most closely matched in vowel quality. For the 0 series, the centroid of the best-match mediumbandwidth stimulus was 30 Hz higher than the centroid of the wide-band reference. For 0, the shift was in the opposite direction. Both shifts were significant at p < .01 (t(9) =3.86 for 0 and 5.67 for 0).
C. Discussion
The hypothesis that a broad, flat spectral prominence leads to a higher perceptual COG was not confirmed, but such spectra did seem to be heard in a qualitatively different way from spectra with sharper formant peaks. The mediumbandwidth stimuli judged as most similar in quality to the narrow-bandwidth comparisons were those that shared the same peak (and centroid) frequencies, whereas in comparisons involving wide-bandwidth stimuli, the preferred stimulus was one step below (for 0) or above (for 0) the centroid match.
This bidirectional shift from the centroidmatched stimulus appears to result from listeners evaluating perceived quality in terms of similarity of spectral shape (as well as approximate correspondence in frequency of spectral peaks). Shifts in opposite directions occurred as a result of an experimental artifact, but nevertheless support our hypothesis that the wide and narrow bandwidths are responded to in different ways by the perceptual system. Despite stimuli being constructed so that the variation in distance between harmonic and formant frequency was as small as possible across the medium-bandwidth stimulus sequence, some variation was unavoidable. For most stimuli, only one harmonic was principally excited for each formant, but for some, two harmonics per formant were excited; there were, of course, intermediate degrees of variation in other stimuli. Just this type of variation occurred among the stimuli near the centroid value of the reference stimuli.
Calculations from the formant and fundamental frequencies given in Tables 5, 6 , and 7 show that the variation in the medium-bandwidth series between the centroid match and its two adjacent stimuli was as follows. For 0, the fourth and seventh harmonics fall 40 Hz, 15 Hz, and 10 Hz from F1 and F2 frequencies for stimuli 4, 5, and 6 respectively. For 0, the sixth and ninth harmonics fall 20, 10, and 40 Hz from F1 and F2 for stimuli 3, 4, and 5 respectively. The effects of this variation can be seen in Figure 13 . Figure 13a shows, for the 0 series, the narrow-and wide-bandwidth reference stimuli, and the three stimuli from the medium-bandwidth sequence that most closely corresponded in centroid frequency with the references (the centroid match stimulus 5, and stimuli 4 and 6). The corresponding data for 0 are shown in Figure 13b . The three medium-bandwidth spectra in each panel differ in the breadth of their effective bandwidths, and those stimuli with the largest difference between harmonic and formant frequency have the broadest and flattest spectral envelopes-stimulus 4 for 0, and stimulus 5 for 0 These are precisely the stimuli that were preferred in the listening test: the difference between stimuli in spectral envelope explains the bidirectionality of the response data.
Evidently, then, listeners sacrificed some precision in terms of peak or centroid frequency in order to maximize similarity in overall spectral shape, which corresponded to perceived similarity in vowel quality. Informal tests lead us to believe that there will be strict limits on the frequency differences that will be tolerated in order to attain a better match of spectral shape, but that, within these limits, overall spectral shape is more important than peak frequency in determining similarity in vowel quality. We make no claims about the qualities to which listeners were responding. Our manipulations of spectral shape tended to affect perceived nasality, and there were also other effects, such as "brightness" of timbre. Listeners may have matched for degree of nasality in the 0 series, since the preferred mediumbandwidth stimulus (stimulus 5) does sound more nasal than the centroid match (stimulus 4). But the preferred and centroid-match stimuli in the 0 series (stimuli 4 and 5) sound about equally nasal, which indicates that listeners responded to some other quality in this series. Our hypothesis that the spectral envelope is less important when formant peaks are well defined is supported by the finding that narrowing formant bandwidth did not affect the perceptual COG of [0] and [0] . Nevertheless, it may be possible to explain the asymmetry of the responses to narrowbandwidth [0] in terms of bandwidth differences. For this vowel, stimulus 6 was the only stimulus other than 5, the centroid match, to receive any votes for "best match," and both had only small differences between harmonic and formant frequency-15 Hz for stimulus 5, and 10 Hz for stimulus 6. These two stimuli contrast markedly with stimulus 4, which has a 40 Hz harmonic-formant difference and consequent excitation of two harmonics per formant (see Figure 13 ). On the other hand, the response curve for [0] shows no such asymmetry: there was the same negligible number of responses to stimulus 3, which had a 20 Hz harmonic-formant difference, as to stimulus 5, with a 40 Hz difference. If the shape of the spectral envelope is important in judging quality when peaks are sharply defined, then the boundary between what is comparable and what is not appears to operate within a very narrow range.
IV. GENERAL DISCUSSION
As outlined in the Introduction, previous studies indicate that though a center-of-gravity effect influences the perception of vowel quality, formant frequency contributes more heavily to that perceptual COG than "spectral averaging" would suggest. The three experiments reported here manipulated the prominence of the low-frequency region of vowel spectra and investigated the effect ofthese manipulations on the relative contribution of peak frequency and overall spectral envelope to perceived vowel quality. Their results suggest that the influence of the spectral envelope on perceived quality (especially perceived height) increases as the prominence of low-frequency spectral peaks decreases. Thus the perceived quality of vowels with well-defined peaks, such as the oral vowels of Experiment 2, was dominated by the frequency of Fl. In contrast, perception of the non-high nasal vowels of Experiment 1, which had relatively broad peaks and shallow troughs in the Fl region, corresponded more closely to the spectral COG than to the frequency of a spectral peak. Similarly, in Experiment 3, the perceived quality of the stimuli with narrow formant bandwidths was determined by formant frequencies, while that of wide-bandwidth peaks depended on a combination of formant frequency and bandwidth.
While the general pattern of listeners' responses to our stimuli suggests an inverse relation between the degree of spectral prominence and the COG effect, the more detailed characteristics of these responses have not been adequately described. In Experiment 3, we explained the finding that listeners' responses to wide bandwidth [0] and [0] were in opposite directions (relative to the centroid) in terms of the effective formant bandwidths. Similar explanations for the particular stimuli chosen by listeners in Experiments 1 and 2, though, are not possible: for most vowel sets, the spectral characteristics of the vowels belonging to the best-match pairs were not more similar than those of vowels belonging to less-preferred pairs.
The lack of a consistent spectral description of the basis for our listeners' decisions may be due to the use of linear (Hz) frequency measures and decibel units of amplitude. The auditory system imposes a number of transformations on the incoming signal which can enhance particular similarities and differences between speech signals (e.g., Delgutte, 1984; Seneff, 1985) . Although many of these transformations are controversial, and much remains to be discovered, some are widely accepted. Among amplitude transformations, phon and sone scales are often used, but we retained the conventional decibel and linear units since the use of amplitude transformations (especially sones) is controversial. Frequency-domain transformations reflecting the critical bands of the peripheral auditory system are among the least controversial, however, and are particularly relevant to the perception of vowel quality. Indeed, Chistovich's formulation of the centroid uses the Bark frequency scale, which is essentially a critical-band measure.
Recalculation of our measures using the Bark scale left our results and conclusions unchanged since the Bark scale is almost linear at frequencies less than 500 Hz. An alternative transformation based on the equivalent rectangular bandwidth, or ERB-scale, of Moore and Glasberg (1983) gave more promising results. The ERB transformation differs from Bark and critical-band-rate metrics primarily in that it is somewhat (but not strongly) nonlinear at frequencies less than 500 Hz. Excitation patterns derived for complex tones using the ERB-rate scale resolve individual harmonics only at low frequencies, and produce some changes in overall spectral tilt. The ERB scale was attractive because its low-frequency nonlinearity was likely to give the most opportunity for the appearance of significant differences from the standard linearfrequency spectra. Spectra were calculated for frequencies less than 2 kHz.
ERB-scale spectra from relevant pairs of stimuli in each of the three experiments were compared. Although these comparisons did not yield a simple picture, more consistencies emerged than were found in comparisons of other spectra. We identified two properties in which the reference stimulus was spectrally more similar to listeners' best matches than to less-preferred stimuli: first, the most prominent one or two harmonics were identical or closely similar in frequency and amplitude; and second, the overall shape of the spectrum in the immediate vicinity of these prominent harmonics was similar. Often, this similarity in overall shape was pronounced for either the left-or the right-hand skirt, but not for both. (It was usually not possible for both skirts to have similar slopes because, except in Experiment 3, pairs differed in the number of peaks in a given frequency range.)
Figures 14, 15, and 16 provide examples of ERBrate spectra from Experiments 3, 2, and 1 respectively. Figure 14 gives ERB-rate spectra for the three most preferred medium-bandwidth vowels (thin lines) from the 0 set (top row) and a set (bottom' row) of Experiment 3. The corresponding wide-band reference vowel (thick lines) is superimposed on each spectrum. Stimulus 4 in the 0 set and stimulus 5 in the a set are both more like the reference-vowel spectra than are the other two, less-preferred, stimuli. (The similarities and differences between the ERB-rate spectra are comparable to those discussed for the DFT spectra in Figure 13 .) An example of similar data for Experiment 2 is given in Figure 15 . Stimulus 5 was the most, and stimulus 9 the least preferred of the three stimuli shown from the a set (see Figure 8 ). Stimulus 5 corresponds most closely with the two-formant reference both in most prominent harmonic and lefthand skirt.
For the four oral-nasal vowel pairs of Experiment 1 which had less than 3.5 Bark between F1 and FN, a similar description works well for 0, a, and re, but less well for e. ERB-rate spectra for 0 and e are shown in Figure 16 . (Stimulus 5 was preferred most often for 0, and stimulus 6 for f>-see Figure 5 .) The common spectral property of all four oral-nasal sets is that the most prominent peak of each preferred stimulus has two prominent harmonics rather than one. Similarity of skirts appears to be of secondary importance in that it does not compensate for a narrow major prominence (cf. stimulus 5 versus 6 for e), but it does increase the perceptual similarity where the major prominence is broad (cf. stimulus 5 versus 6 for 0). This dual criterion is very similar to the one listeners apparently used in Experiment 3.
Our general conclusion, then, is that where harmonics are sufficiently prominent, their frequency is of prime importance to perceived vowel quality, and spectral shape is of secondary importance. When the lowest-frequency spectral prominence is broad, what is important is not so much the absolute frequency of some peak, nor yet of a spectral location derived by a spectralaveraging (COG) mechanism, but the general correspondence in shape of the entire region of spectral prominence (presumably within appropriate amplitude limits). No one peak can be said to dominate such a spectrum, and the auditory response is therefore also unlikely to be dominated by a narrow range of frequencies. This conclusion explains the apparent discrepancies in some of our data: the best-match stimulus chosen from a vowel series may have either a peak center frequency, or a centroid, above or below that of the reference stimulus, depending on the characteristics of the particular set of stimuli from which the choice is made.
A model of the perception of vowel quality must be able to deal with nasal vowels as well as nonnasal vowels. It follows that the model should include mechanisms that will distinguish between the internal representations of sounds with different degrees of spectral prominence by appropriately weighting their physical properties. That is, we should seek auditory transforms that will distinguish the poorly defined prominences and shallow troughs of nasal vowels from the sharp peaks and deep troughs characteristic of many oral vowels. One such transform could be enhancement of prominent spectral peaks attributed to lateral suppression (Houtgast, 1977; Moore & Glasberg, 1981) , and consistent with the physiological data of Sachs and Young (1980) on synchrony, or phase-locking, of auditory nerve fiber responses to prominent spectral peaks. Sidwell and Summerfield (1985) have shown that effects indicative of suppression occur with vowellike sounds, and are seen most clearly at frequencies less than 2 kHz-those most strongly connected with the perception of phonetic quality. Figure 14 . ERB-rate spectra of the three most preferred medium-bandwidth vowels (thin lines) from each vowel set of Experiment 3. Each panel also shows the spectrum of the corresponding wide-bandwidth reference vowel (thick lines). As in the DFf spectra of Figure 13 , medium-bandwidth stimulus 4 was the closest match in spectral shape for [0] (top panels), and stimulus 5 was the closest shape match for [A] (bottom panels). Figure 15 . ERB-rate spectra of three of the most preferred one-formant vowels (thin lines) from the A set of Experiment 2. Each panel also shows the spectrum of the two-formant reference vowel (thick lines). Stimulus 5 was the closest shape match in terms of both the most prominent harmonic and the lefthand skirt. The selective applicability of processes like phase-locking and suppression to physical signals differing in spectral prominence may underlie many of the apparent contradictions in the literature on the perception of vowel quality. For example, working largely with vowels whose physical spectra had well-defined peaks, Klatt (1985) , like many others, emphasized the importance of center formant frequency to vowel quality. In earlier work, however, he found that listeners' judgments of the phonetic distance between synthetic vowel pairs strongly correlated with a metric of slope based on differences in slope near the peaks of critical-band spectra (Klatt, 1981; . The spectral slope metric was sensitive to variation in parameters such as the number of critical band filters, their bandwidths, and aspects of the weighting function. All of these affect, or are reflected in, the amount of spectral contrast likely to appear in the internal representation ofthe sound.
Simple peak-peaking and center-of-gravity models of vowel perception fail not only for the poorly defined prominences of nasal vowels, but apparently also for back vowels. Assmann (1985) has suggested that details of the shape of the spectrum in the F1-F2 range and above make significant contributions to a back vowel's quality. This conclusion agrees exactly with ours, the spectra of back vowels representing an intermediate case between the clearly defined peaks of front vowels and the markedly broadened and attenuated low-frequency prominences of nasal vowels.
We also question the applicability of peakpicking models to the speech of women, children, and others who speak with a higher fundamental frequency than the average adult man, but who are probably not less intelligible (Verbrugge, Strange, Shankweiler, & Edman, 1976 ; but see Sundberg & Gauffin, 1982) . Speech with a high FO is likely to have more poorly-defined peaks, and the higher formant frequencies that often co-occur with high FO are also likely to be less wellresolved by the auditory system.
We suggest, then, that peak-picking occurs only for certain spectra, perhaps due to auditory spectral enhancement taking place automatically through processes like phase-locking of auditory nerve fibers to a dominant frequency, and lateral suppression. Physical spectral without welldefined peaks will be responded to such that the properties of more extensive regions of the spectrum are given greater weight, because the lack of prominent spectral peaks will allow auditory. nerve fibers to fire at their characteristic frequencies. Thus exclusively peak-picking models are appropriate only for certain groups of vowelsmost clearly, front oral vowels, especially if spoken by adult males. But even for vowels with welldefined spectral peaks, aspects of spectral shape probably influence the perception of vowel height. Support for this view is provided by Darwin and Gardner's (1985) finding that phonemic identity is affected by changes in the amplitudes of harmonics which are relatively remote from the formant peak, and by Bladon and Lindblom's (1981) model of vowel quality based on whole-spectrum transforms. It may be that peak-picking models seem appropriate for front vowels simply because, for sounds with sharp spectral peaks that are well separated from other peaks, overall spectral shapes in the vicinity of the peak tend to be similar, at least for the first 10-15 dB below the peaks, as long as the frequencies of the most prominent harmonics are the same. Thus there is little opportunity to observe the influence of spectral shape for the first formants of front vowels.
The variability in spectral shape across all vowels and potential speakers raises the question of whether it makes sense to search for a single spectrally based measure of the perceptual center of gravity. The fact that we had to use different centroid measures in our experiments in order to stay close to Chistovich's formulation underscores the problem. Models of vowel perception that combine peak-picking with some sort of wholespectrum approach are likely to be most successful, as Bladon and Lindblom (1981) and others have pointed out.
In summary, the data we have presented indicate that a comprehensive model of the perception of vowel quality (particularly height) will include transforms that produce different types of auditory response dependent upon the relative spectral prominence of the formant peaks. When a spectral peak is prominent, its frequency will dominate the response, whereas the overall spectral shape in the vicinity of a formant will become more influential in determining vowel quality as the formant itself becomes less well defined. Physiological processes that could underlie this type of response include phaselocking of hair-cell responses and lateral suppression. The hypothesis of spectral averaging for formants within 3.5 Bark may largely reflect the fact that formants that are close in frequency tend to be less spectrally (and hence auditorally) prominent (in that they are separated by relatively shallow troughs) than formants that are widely spaced in frequency. The implication is that neither simple center-of-gravity nor peakpicking measures can be expected to account on their own for responses to more than a restricted set of vowels, because the perceptual quality of any given vowel depends in complex ways on its detailed spectral shape, including, of course, on the frequencies of any prominent formants.
